Abstract-The eleven antenna has been greatly used in many applications to achieve low reflection coefficient and stablepattern over ultra-wide-bands. However, arraying in the eleven configuration forces the antenna designer to tilt the antenna over an electric conducting ground plane, and this makes it mechanically complicated and increases the profile of the antenna. Seeking new capabilities, the theory of putting logperiodic dipoles in the eleven configuration over magnetic ground is developed. The eleven antenna is formed by two printed foldeddipoles, and we evaluate the performance for a single-pair of dipoles and five-pairs of dipoles. The results are extracted for the cases of PEC ground, PMC ground and without ground. The results are in a good agreement with theory. Also, some discussions are provided for the realization of the artificialmagnetic-ground.
I. INTRODUCTION
The eleven antenna as a log-periodic dipole antenna, is one of the solutions to demands on stable pattern and directivity over wider band-widths. In many applications like radioastronomy, remote-sensing, radar and space-communications, we need to have a feed antenna that shows more than decade bandwidths. For example, The Square Kilometer Array (SKA) radio telescopes need reflector antennas, covering 0.35 − 24 GHz or more [1] . The eleven feed is a new kind of log-periodic dipole antenna that makes use of a ground plane to form a broad-side far field function [2] . The phase center is fixed in the ground plane and does not move with frequency, unlike to other log-periodic antennas. The name is due to the two-parallel dipoles for each polarization, i.e. an eleven configuration, and many things can be associated with the number eleven for this antenna, like: return loss, more than decade bandwidth, and actually it was initially in 2003 eleven times smaller than its competitor. Nowadays there exist more large-bandwidth alternatives, but they are still not as compact [3] . The eleven antenna could be easily integrated with its balun circuits [4] , and cryogenic designs of these antenna are reported [1] . Also, it can give dual polarization performance easily [5] .
The basic eleven antenna configuration is two parallel halfwave dipoles above a ground. When the two dipoles are located half wavelength apart, the E− and H−plane patterns become equal and thereby there is low cross-polarization in • , and the directivity 11 dBi, which makes it well suited to feed prime-focus paraboloids. The phase center of this basic simple configuration is located in the ground plane [2] .
The present numerical models of the eleven antennas are making use of Perfect Electric Conductor (PEC) ground planes, and to provide the different heights to ground for different dipoles over the frequency band, the dipole array should be tilted over the ground plane. This makes the profile of the antenna high, and seeking for lower-frequencies, the profile becomes even higher.
To have low-profile versions of the eleven antenna it is necessary to, first design the planar array, and second, put the array on a ground plane with reflection phase equal to 0
• . Perfect Magnetic Conductor (PMC), which does not exist in nature, provides this characteristic. Hard and soft surfaces, which correspond to parallel strips of PEC, and Artificial Magnetic Conductor (AMC) surface [6] , [7] , can realize this reflection phase. The integration of the Electromagnetic BandGap (EBG) structures and patch antennas have been studied to enhanced the performance due to the band-gap of surfacewave suppression [8] , [9] . EBG structures also been used as ground planes of spiral and curl antennas to achieve low profile designs [10] , [11] . The mushroom-like structure, behaves as EBG, and is known to have an effective band-gap for surface- 
wave propagation, which can be useful to improve antenna radiation patterns [12] .
In this paper, the theory of the eleven antenna on PMC ground is investigated in Section II. Some results for far-field function of the antenna are extracted. In Section III, the theory is used to analyze the characteristics of a pair of printed folded dipoles. At last, a planar array of folded-dipoles is designed, and its performance is studied, and a brief discussion of the realization of the AMC ground is given. At last, Section IV gives some concluding remarks.
II. THEORY
Here, the basic theory for the eleven configuration over PEC and PMC ground planes is reviewed. The eleven configuration for two dipoles is shown in Fig. 1 . Two real dipoles A, and B, with a separation of 2s, are located in the height h over a PEC (or PMC) ground. Based on image theory, one can remove the ground and put two image dipoles A , and B in the height h under the ground plane.
For the eleven structure over PEC ground the image currents are as
and in the case of PMC ground,
It is necessary to mention that for a x-directed isolated dipole, the far-field function is [13] 
in the next two subsections the far-field function for each case is calculated.
A. The eleven Antenna over PEC Ground
The array dimensions would be considered as
For the upper half space (z > 0 or |θ| < π 2 ), the far-field function for this case is which with the dimensions as (5), it is rewritten as
B. The eleven Antenna over PMC Ground
in the case of the PMC ground plane we would set
For the far-field function like the latter case
which with dimensions of (7),
C. Comparison of two cases
A quick review of two studied cases is presented in TABLE I. Here, some simulation and calculation results are studied for far-field functions.
Normalized amplitude of co-polar component of G PEC in (6), and G PMC in (8) , is plotted in Fig. 2 . Three main planes E−, D−, and H− planes (φ = 0, It is obvious from (6) that for |G PEC | there is no radiation in the direction of |θ| = π 2 for all φs. However, |G PMC |, is zero for just φ = 0, π 2 , and not in other planes. This means that there is some radiation in the array plane, and it decreases the directivity of the antenna in this case. In the other words, putting an eleven antenna on a PMC ground yields lower directivity in comparison with the case of the PEC ground. This fact would be shown in the next section.
III. RESULTS FOR FOLDED PRINTED DIPOLES
Folded dipoles are often used in the eleven antenna in order to obtain wide-band performance by cascading one after another in a log-periodic array. The impedance matrix of the folded dipoles under the eleven configuration using a two-mode method with including the mutual couplings is investigated in [14] .
A. Single Pair of Folded Dipoles in the eleven Configuration
A single pair of folded dipoles are shown in figure 3 . A RO4003 board ( r = 3.55, tan δ = 2.7×10 −3 ) with thickness of 1.524 mm is used, and the antenna is simulated in CST software. Three cases are studied: (a) without ground plane, (b) over PEC ground plane, (c) over PMC ground plane. The height to the ground in the PEC case is quarter-wavelength and in PMC case is zero. A magnetic boundary condition (H t = 0) is used to model infinite magnetic ground.
The co-polar directive gain patterns for these three cases are plotted in Fig. 4 . Because of the symmetry, only half of the patterns (θ > 0
• ) are shown. In the PEC and PMC cases, there is no radiation for θ > 90
• . Three main planes φ = 0
• , 45
• , 90
• are considered, and the cross-polar directive gain in φ = 45
• is also plotted. One may notice that for the PMC case, the directive gain in the θ = 90
• direction is not zero (in-plane radiation), and even larger than in the free-space case. This is due to nonzero height of the substrate and surface-wave propagation (TM mode) in the substrate. This radiation decreases the maximum directive gain in this case. has 11 dBi directivity, but in the PMC case, because of the in-plane radiation, only 9 dBi is achieved. TABLE II also shows the input impedance values for connected two folded dipoles in Fig. 3 . Six cases are studied here: 1) Planar array without any ground, 2) Planar array on PMC ground with zero-height, 3) Tilted array on PEC ground: the array is tilted to provide quarter-wavelength height to the ground. The tilted array is shown in Fig. 6 . The tilted structure has large profile, and although our main goal is to design planar eleven array, the results from the tilted array over PEC ground are a good reference to evaluate the effectiveness of our approach. 4) Planar array on infinite PEC ground with quarterwavelength-height: the planar antenna is on an infinite PEC ground plane. the height is quarter-wavelength ( λ0 4 ) at center frequency f 0 = 1.1 GHz. 5) Planar array on finite PEC ground with quarterwavelength-height: like the previous case, but the ground is finite, with the size equal to array. 6) Planar array on bed-of-the-nails: the bed-of-the-nails is shown in the Fig. 7 . rectangular pins with the size 0.009λ 0 × 0.009λ 0 × 0.25λ 0 are used as nail, with a pin-to-pin separation equal to 0.02λ 0 . These parameters are used from manufacturing limitations. The design frequency band is 0.6 − 1.5 GHz. In each case, the antenna could be matched to 100 Ω with a good enough |S 11 | level. The return loss plots are shown in Fig. 8 . However, it is possible to perform some optimizations to get better matching. Both return-loss and directivity should be taken in to account to quantify the operating bandwidth. From this point of view, the bandwidth of the planar eleven over infinite PMC ground is 0.7 − 1.45 GHz (≈ 2 : 1 , or 70%).
B. Five Pairs of Folded Dipoles in the eleven Configuration
The directivity versus frequency for the array is also shown in Fig. 9 . Like the single-pair case in TABLE II, in the presence of PMC ground, the directivity is about 9 dBi in the frequency band. Also From TABLE II, and Fig. 9 , one can say that in the absence of the ground plane, the directivity for the planar array over the frequency band is close to the single-pair antenna (about 6 dBi). However, the tilted array on PEC ground has a directivity a little less than 11 dBi. Authors believe that performing some extra optimizations can improve the directivity to 11 dBi for tilted array on PEC ground, too.
The directivity for the fourth case (flat array on infinite PEC ground with quarter-wavelength-height) is close to tilted array's directivity, however, the return losses are not similar. Furthermore, the quarter-wavelength solution works around the center frequency, and is not suitable for higher or lower frequency bands. However, compared to third case, because of not having surface waves, the directivity for the fourth case is higher. This shows the importance of blocking the surface waves to have better directivity. On the other hand, if one uses a finite PEC ground plane (fifth case) instead of infinite one, there would be 1 − 2 dBi loss in directivity. However, the directivity is even higher than the infinite PMC case, again it is due to strong surface waves on the PMC ground.
The black curve in the Fig. 9 shows the directivity for the planar array on the bed of the nails ground plane. It shows that in a narrow bandwidth, it works like the ideal PMC ground, and the curve drops dramatically in lower frequencies. One can say that although the bed-of-nails can realize the PMC behavior in a narrow bandwidth, it cannot block the surface waves.
Here, a five element array is presented, however, it seems that it is possible to increase the number of the elements to have wider bandwidths. The possibility to increase the bandwidth by adding more elements, makes the eleven configuration an interesting idea. However, different coupling mechanisms between one elements and the other elements and/or the ground plane, force the antenna designer to be more careful about the design procedure. Unfortunately, it is mostly hard to model these couplings, and in practice one should perform some optimizations to find the best performance for the array. For example, in the presented array, different scaling factors are optimized to have the best and most stable matching and directivity over the frequency band.
C. Discussion on the Realization of AMC
A PMC surface can provide zero-degree reflection phase. As in previously reported eleven arrays [1] - [4] , a simple way to achieve this reflection phase is putting the antenna over a PEC ground with a quarter-wavelength height. However, this solution only works for a single frequency and to increase the bandwidth, the antenna should be tilted. Furthermore, the profile of antenna would be larger if someone seeks for lower frequency bands. As proposed in this paper, low-profile planar eleven array design is promising if we can realize the AMC performance. The realization of the AMC ground plane for low-profile antenna designs has been the subject of many works [10] - [12] , in which they have tried to get the zerodegree reflection phase.
Results in the previous subsections showed that the surface wave in the substrate over the PMC ground, degrades the directivity of the antenna. The surface wave propagates in TM mode, so to overcome this problem one can use mushroomlike AMCs which can block TM surface waves. This will be done in future works, to combine planar eleven array with the mushroom-like AMC [12] . The EBG structures usually do not have band-gap performance over a wide-band. An idea is to scale the EBG cells, so each array element faces EBG cells which are designed in the same frequency as the resonant frequency of that element.
IV. CONCLUSION
The idea of the eleven antenna has many potentials to achieve ultra-wide-band performances. This paper presents a detailed study of the theory of the eleven configuration over PMC ground plane. In previous eleven antennas, the designer was forced to tilt the array over a PEC ground, and the profile of the antenna was high. It is revealed that to lower the profile of the antenna, PMC ground could be used. The simulation results for the planar array of folded dipoles in the eleven configuration on an ideal PMC ground shows that this idea is promising, and low-profile array is possible, if the PMC can be realized for this application.
However, the propagation of the surface waves in the substrate in the presence of PMC ground plane, degrades the antenna radiation performance. Authors believe that using EBG structures as ground plane can provide the AMC performance together with the surface-wave blockage. As the EBG structures usually may not have a wide-band performance, one may need to scale the EBG cells as well as the dipoles.
